The self-diffusion coefficient of zinc in ZnO is derived as a function of the chemical potential and Fermi level from first-principles calculations. Density functional calculations in combination with the climbing image-nudged elastic band method are used in order to determine migration barriers for vacancy, interstitial, and interstitialcy jumps. Zinc interstitials preferentially diffuse to second nearest neighbor positions. They become mobile at temperatures as low as 90-130 K and therefore allow for rapid defect annealing. Under predominantly oxygen-rich and n-type conditions self-diffusion occurs via a vacancy mechanism.
The self-diffusion coefficient of zinc in ZnO is derived as a function of the chemical potential and Fermi level from first-principles calculations. Density functional calculations in combination with the climbing image-nudged elastic band method are used in order to determine migration barriers for vacancy, interstitial, and interstitialcy jumps. Zinc interstitials preferentially diffuse to second nearest neighbor positions. They become mobile at temperatures as low as 90-130 K and therefore allow for rapid defect annealing. Under predominantly oxygen-rich and n-type conditions self-diffusion occurs via a vacancy mechanism. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2206559͔ Zinc oxide is currently under intensive investigation because of its various applications in electronic and optoelectronic devices, where point defect engineering is of crucial importance. Therefore, understanding the thermodynamics and kinetics of intrinsic point defects in ZnO is not only of fundamental but also significant technological interest. Zinc migration has been discussed, in particular, with respect to the degradation of varistor devices 1,2 which is believed to proceed through the migration of intrinsic defects, most likely zinc interstitials, in the vicinity of grain boundaries. Knowledge of individual defect diffusivities is also instrumental in order to control the formation of unwanted and compensating defects, which are likely to contribute to the difficulties in synthesizing p-type zinc oxide ͑see, e.g., Refs. 3 and 4͒. A large number of studies have been conducted to measure the self-diffusion of zinc in ZnO. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The experimental data, however, exhibit a considerable spread which renders their interpretation difficult. In view of this situation, a theoretical approach can provide valuable insights into the various atomistic migration processes and help to quantify their respective contributions.
In this letter we present an analysis of the migration paths and the diffusivities of zinc in ZnO. Migration energies are determined by total energy calculations within density functional theory ͑DFT͒ using the Vienna ab initio simulation package 16 ͑VASP͒ with the projector-augmented wave ͑PAW͒ method. 17, 18 The GGA+ U scheme with Ū − J = 7.5 eV in the formulation by Dudarev et al. 19 was adopted to properly describe the band structure of zinc oxide. 20 Hexagonal 32-atom supercells equivalent to 2 ϫ 2 ϫ 2 primitive unit cells were employed. The plane-wave energy cutoff was set to 500 eV and a ⌫ point centered 2 ϫ 2 ϫ 2 k-point grid was used for Brillouin zone sampling. In order to determine migration paths and barriers, the climbing image-nudged elastic band ͑CI-NEB͒ method was employed. 21, 22 We considered first and second nearest neighbor paths and all relevant charge states for vacancy as well as interstitial migration. Migration paths involving antisite defects were not considered because of high antisite formation enthalpies. [23] [24] [25] Further computational details can be found in Ref. 26 . The error of the calculated migration energies is estimated to be on the order of 0.1 eV or less. 26 The wurtzite structure is composed of two interpenetrating hexagonal close packed sublattices, which are occupied by oxygen and zinc atoms, respectively. If we consider vacancy jumps to first or second nearest neighbor positions on the zinc sublattice, three mechanisms can be distinguished ͓see Fig. 1͑a͔͒ : in-plane migration to first nearest neighbors ͑process A͒, out-of-plane migration to first nearest neighbors ͑process B͒, and out-of-plane migration to second nearest neighbors ͑process C͒.
The corresponding migration barriers are compiled in Table I . For vacancies migration by out-of-plane jumps to first nearest neighbors ͑path B͒ is energetically preferred. The barrier for this path decreases from 1.19 to 0.77 eV going from the neutral to the doubly negative charge state. Taking into account the projections of the displacement vector perpendicular and parallel to the ͗0001͘ direction, path B leads to nearly isotropic diffusion. Zinc interstitials occupy the octahedral interstitial sites of the wurtzite lattice located at the centers of the hexagonal ͗0001͘ channels. The interstitial sites span a simple hexagonal lattice with an axial ratio which is half as large as the one of the underlying wurtzite lattice. The resulting migration paths are shown in Fig. 1͑b͒ . Ion migration can occur both via pure interstitial mechanisms, i.e., via jumps on the simple hexagonal interstitial site lattice, and via interstitialcy mechanisms. In the latter case the interstitial atom pushes out one of its zinc neighbors which then becomes an interstitial atom itself. In-plane migration of zinc interstitials can occur via jumps to first nearest neighbor zinc interstitial sites along ͗2110͘ ͑process A * ͒. Equivalently, out-of-plane motion is possible by first-neighbor jumps through the ͗0001͘ channels of the wurtzite lattice ͑process B * ͒. In-plane and out-of-plane motions can also occur via interstitialcy mechanisms involving first nearest neighbors; the interstitialcy mechanisms A and B shown in Fig. 1͑b͒ and the interstitial mechanisms A * and B * lead to equivalent final configurations. Finally, outof-plane motion via second-nearest neighbor sites is also possible via interstitialcy mechanism C equivalent to an effective displacement of a / ͱ 6͗2110͘ + c /2͗0001͘.
For any charge state the smallest ͑dominant͒ migration barrier is just about a few tenths of an eV ͑Table I͒ which implies that zinc interstitials should be mobile down to very low temperatures. If we assume a typical annealing time of 10 min and a mean square displacement of 10 4 -10 6 nm 2 , the onset of defect mobility can be estimated using the Einstein relation. With an exponential prefactor of 8 THz one obtains threshold temperatures for zinc interstitial migration between 90 and 110 K ͑q = +2͒, 110 and 130 K ͑q = +1͒, and 100 and 120 K ͑q =0͒. This is in excellent agreement with annealing experiments which find mobile intrinsic defects at temperatures as low as 80-130 K. [27] [28] [29] Notably, with the only exception of the neutral charge state, the lowest migration barriers are obtained for the second neighbor mechanism ͑process C͒. Similar to the case of path B for vacancy diffusion, process C involves both inplane and out-of-plane displacements and leads to quasiisotropic diffusion characteristics. In contrast, interstitial migration along the ͗0001͘ channels of the wurtzite lattice ͑process B͒ is energetically rather unfavorable. Our analysis of the site-projected electronic density of states for the migrating zinc atoms shows the saddle point configuration along path C to deviate the least from the ideal configuration, leading to a very small energy difference between the initial and the transition state.
Migration barriers for zinc vacancies and interstitials have been previously calculated by Binks and Grimes using analytical pair potentials in combination with a shell-model description of the oxygen ions ͑see Refs. 30 and 12, and references therein͒. They considered jumps to first nearest neighbors only and did not include interstitialcy mechanisms. In the past, these results were frequently used to interpret experiments and, in particular, to discriminate between interstitial and vacancy mechanisms ͑see Ref. 12 The detailed knowledge of all relevant migration paths and related barriers allows us to calculate the self-diffusion coefficient. 26 Thereby, a more detailed assessment of the experimental data becomes possible. In the case of an intrinsic mechanism the activation energy for self-diffusion comprises not only the defect migration barriers but also the formation enthalpies of the defects involved. 26, 31 Since the defect formation enthalpies vary linearly with the chemical potential and Fermi level, 32 the self-diffusion constant will strongly depend on these parameters. The variation of the selfdiffusion coefficient with the chemical potential and Fermi level as derived from our calculations is shown for a temperature of 1300 K in Fig. 2͑a͒ where the defect formation enthalpies from Ref. 20 were used. The light gray shaded stripes bracketed by dashed lines indicate the experimental data range at this temperature. Since Fermi level and chemical potential are unknown for these experiments a more direct comparison is not possible. For two exemplifying combinations of Fermi level and chemical potential ͓dark gray shaded areas I and II in Fig. 2͑a͔͒ the temperature dependence of the diffusivity is shown in Fig. 2͑b͒ . Both mechanisms reproduce the experimentally observed dependence. The analysis illustrates that vacancy mediated diffusion can explain the experimental data for Fermi levels close to the conduction band minimum ͑CBM͒ and chemical potentials which tend to oxygen-rich conditions. In the opposite case zinc interstitial mediated diffusion should dominate. Since most often ZnO is n-type conducting the diffusion studies in the literature most likely sampled zinc vacancy mediated self-diffusion.
Together with the results presented in Ref. 26 it is now possible to establish a hierarchy for the mobilities of intrinsic defects in zinc oxide. The most mobile defects are zinc interstitials followed by oxygen interstitials, zinc vacancies, and oxygen vacancies. These data provide further support for the most widely discussed model for degradation of zinc oxide based varistors. This model assumes zinc interstitials to migrate in the vicinity of grain boundaries and oxygen vacancies to be rather immobile ͑see, e.g., Refs. 1 and 2͒. It is also noteworthy that zinc oxide shows a remarkable radiation hardness. 28 The high mobilities of intrinsic interstitial defects are likely to contribute to this behavior, since they allow for rapid annealing of Frenkel pairs or defect agglomerates.
In the present letter, we studied the migration of zinc interstitials and vacancies in zinc oxide by means of density functional theory calculations. Where comparison with experiment is possible we find generally good agreement. Zinc interstitials are the most mobile defect contributing to annealing at temperatures as low as 90-130 K. The calculations further indicate that for n-type conducting ZnO intrinsic self-diffusion occurs via a vacancy mechanism. We anticipate the results of this study to be very useful for the ͑re-͒interpretation of diffusion experiments. Furthermore, in conjunction with data for the migration of oxygen 26 and defect formation enthalpies 20 they allow us to develop consistent models for device simulations. 
